Circulating tumor cells (CTCs) have become an established clinical evaluation biomarker. CTC count provides a good correlation with the prognosis of cancer patients, but has only been used with known cancer patients, and has been unable to predict the origin of the CTCs. This study demonstrates the analysis of CTCs for the identification of their primary cancer source. Twelve mL blood samples were equally dispensed on 6 CMx chips, microfluidic chips coated with an anti-EpCAM-conjugated supported lipid bilayer, for CTC capture and isolation. Captured CTCs were eluted to an immunofluorescence (IF) staining panel consisting of 6 groups of antibodies: anti-panCK, anti-CK18, anti-CK7, anti-TTF-1, anti-CK20/anti-CDX2, and anti-PSA/anti-PSMA. Cancer cell lines of lung (H1975), colorectal (DLD-1, HCT-116), and prostate (PC3, DU145, LNCaP) were selected to establish the sensitivity and specificity for distinguishing CTCs from lung, colorectal, and prostate cancer. Spiking experiments performed in 2mL of culture medium or whole blood proved the CMx platform can enumerate cancer cells of lung, colorectal, and prostate. The IF panel was tested on blood samples from lung cancer patients (n D 3), colorectal cancer patients (n D 5), prostate cancer patients (n D 5), and healthy individuals (n D 12). Peripheral blood samples found panCK C and CK18 C CTCs in lung, colorectal, and prostate cancers. CTCs expressing CK7
Introduction
Cancer constitutes an enormous burden and is a leading cause of death worldwide due to the growth and aging of the population. 1 The majority of cancer deaths are caused by metastasis, when circulating tumor cells (CTCs) leave the primary tumor site, travel in blood through the circulatory system, and lead to the formation of distant, secondary tumors. 2, 3 Quantity of CTCs has shown to correlate with the severity of the cancer disease, and the emerging evidence showed that the characteristic of CTCs may provide the source of primary tumors as a simple, fast alternative to tumor biopsy. 4 Thus, the combination of both could be a powerful tool in the ongoing battle against cancer.
The most common method of CTC enumeration is the CellSearch! system. In the CellSearch! system, CTCs are isolated by epithelial cell marker, epithelial cell adhesive molecule (EpCAM) and identified as cell with pan-cytokeratin (pan-CK)
C . CD45 ¡ represents the cells that are not blood cells, while panCK C (CK8/CK18/CK19) representing epithelial cells. 5 CK18 and CK19 are useful markers for carcinomas, 6 , and are also positively expressed by lung adenocarcinoma, 7 colorectal cancer (CRC), 8 and prostate cancer, among many others. 9, 10 Because of this, the markers used in the CellSearch! system can enumerate CTCs but cannot discern the type of cancer that generated the CTCs. Different kinds of markers have been routinely used to identify specific tumor origins and were applied for CTC characterization: For example, CK7 is a potential marker for CTCs of lung cancer. 11 Prostate-specific antigen (PSA) and prostate-specific membrane antigen (PSMA) have been used to identify CTCs for prostate cancer patients.
12-14 CK20, and gastrointestinal tract specific marker-caudal type homeobox 2 (CDX2), were used to enumerate CTCs of CRC, 6, 15 was reported to detect CTCs in 81% of CRC patients (73 of 90). 16 Another study suggested that thyroid transcription factor 1 (TTF-1), which is selectively expressed in the lung, thyroid and diencephalons. 17 could be a diagnostic marker to confirm non-smallcell lung cancer (NSCLC) CTCs. 18 Current CTC detection methods provide good correlations for prognosis prediction and therapy monitoring on known cancer patients. However, a more advanced CTC platform with high sensitivity has shown that even early-cancer or pre-cancer patients may already have "CTCs." For example, in a previous study, we reported that by analyzing the blood samples of 158 people, whose health ranged from cancer-free to patients with polyps or CRC patients, with a microfluidic chip coated with a supported lipid bilayer (SLB) that was conjugated with antiEpCAM (the "CMx platform, " Figs. 1A, 1B) , 19, 20 we could detect CTCs in CRC patients in all stages of cancer and in 30% of the patients who only had polyps based on colonoscopic finding. The CTCs found in the patients with polyps show that CTCs can be detected before currently available imaging technology or markers can detect a tumor. Therefore, CTC may be useful as a screening tool for the general population. In addition to detecting CTCs, it would be helpful to construct a system to identify the most likely origin of any CTCs that are detected. Such a system would be beneficial for the screening on the patients without known cancer and symptoms-free individuals.
In this work, we present a process for using a sequence of CMx chips to identify the cancer origin of CTCs. To demonstrate the concept, we focused on CTCs of NSCLC, CRC, and prostate cancer, the 3 most common male cancers in the 2012 GLOBOCAN survey (Table 1) . We constructed an immunofluorescence (IF) staining panel that consisted of 6 individual CMx chips that captured EpCAM-positive CTCs and stained them with different markers: chip1-panCK, chip2-CK18, chip3-CK7, chip4-TTF-1, chip5-CK20/CDX2, and chip6-PSA/PSMA (Fig. 1C) . The CMx chip overall efficiency was tested by standard cancer cell lines, and the IF staining efficiency and the potential cross reactivity were evaluated to verify the stability of staining panel and the blood processing. We collected cancer patient blood samples for validating the applicability. In this study, we hypothesized that we could use the IF staining panel results to predict the tissue origin of CTCs, with NSCLC CTCs detected in chips1, 2, 3, and 4, CRC CTCs detected in chips1, 2, and 5, and prostate cancer CTCs detected in chips1, 2, and 6. CTCs that were detected only in chip1 and chip2 most likely would be from a cancer other than NSCLC, CRC, or prostate cancer. If no CTCs were present in a patient (e.g., patients with no known cancer), all chips would be CTC negative. Our clinical sample tests verified our hypothesis in that the positive and negative expression of CTCs matched with our staining panel design.
Results
Establishing the immunofluorescence staining panels for CTC origins from NSCLC, CRC, and prostate Cancer
The representative IF staining images of NSCLC, CRC, prostate cancer, and lymphoma cell lines for the selected markers are shown in Fig. 2 , and are summarized in Table S1 . PanCK and CK18 immunostaining were positive in all cell lines from all cancer cell lines except blood originated lymphoma cell line. CK7 and TTF-1 were only positive in NSCLC cell line; CK20 and CDX2 were only positive to CRC cell lines; PSA and PSMA were only positive in prostate cancer cell line LNCaP, but negative in all other cell lines. Our result suggests that this staining panel design is sensitive and can distinguish among 3 carcinoma origins, while negative to the blood cells. However, PSA and PSMA may not be sensitive to detect all prostate cancer cells, as it is negatively expressed in both prostate cancer cell lines PC3 and DU145. [12] [13] [14] The sensitivity and specificity of the antibody mixtures, anti-CK20/anti-CDX2, and anti-PSA/anti-PSMA remain consistent as single antibody staining. Hence, based on these IF staining results, the possible origin(s) of CTCs from lung, colorectal, prostate, or other unknown primary site could be predicted with the decision tree shown in Fig. 3 . Chip1 and chip2 can be the first line to detect epithelial cells in blood. CTCs that came from the NSCLC would be detected in chip3 and chip4. Similarly, CTCs that came from CRC or prostate cancer would be identified in chip5 or chip6, respectively.
Sufficient capture efficiency of CTCs using CMx platform processing
To verify the ability of our CMx panel to capture CTCs from different tumor origins, we tested the overall efficiency of CMx chip with a baseline test with a known sample. The sample consisted of 200 cells that were fluorescence-labeled with CellTracker CMFDA and spiked in 2 mL of culture medium or whole blood from a healthy individual. After CMx chip processing, the captured cells were released on the collection membrane chip as previously reported. 19 The overall efficiency was calculated by dividing the cell number on the staining membrane by the known number of cells in the sample (Fig. 4) . The capture efficiency was better in culture medium than in whole blood, but still sufficient in whole blood for the work to continue. The staining efficiency of the cells released from CMx chip was evaluated and was very high (»90-100%, Table S2 ), except CK20/ CDX2 on HCT116 cell line, which is known to be low in CK20/CDX2 expression level. 21, 22 In summary, the staining efficiency did not change between 2 spiking conditions (culture medium or whole blood) or after blood processing, indicating that cells remained intact and there were no interferences caused by blood.
PanCK
C CTC count can distinguish healthy individuals from cancer patients
Once the capture and staining efficiency of the CMx platform was analyzed, we evaluated the panel's ability to determine the origin of CTCs with 13 cancer patients (Table 2) , and 12 individuals with no known cancer diseases, tested in triplicate, that served as a baseline. For the panCK and CK18 panels, as shown on Table 3 , the median CTC counts were 0 for the healthy individuals, while cancer patients have apparent elevated panCK C CTC counts. Using 33 per 2mL blood as a cutoff, all cancer patients (except one prostate cancer patient (P-2)) were above the cutoff value. On the contrary, in the CK18 panel, only 7 out of 13 cancer patients had CK18
C CTC counts 32/ 2mL, though the average or median values of CTCs of cancer patients are significantly higher than those of healthy individuals whose median value is 0 and none has CK18 C CTC counts 32/ 2mL (p < 0.002). The panel can distinguish NSCLC, CRC, and prostate cancer patients with statistical significance CK7 C and TTF-1 C CTCs were detected in NSCLC patients, (CK20/CDX2) C CTCs were detected in CRC patients, and (PSA/PSMA) C CTCs were identified in prostate cancer patients (Fig. 5) . In NSCLC patients, CK7
C and TTF-1 C CTC count both had significant differences compared with healthy individuals (p < 0.001 for both markers). The (CK20/CDX2) C CTC count was significantly higher in the CRC and prostate cancer patients (p < 0.001 in CRC and p D 0.022 in prostate cancer). The (PSA/PSMA) C CTC counts were significantly high in the prostate cancer patients (p < 0.001) ( Table 3. ). The CTC counts of each patient and healthy individual are presented in Table S3 and Table S4 . The CTC positive number cut-off value of each marker was determined by the healthy individual tests. The positive detection corresponded with the origin of the 3 cancer types. It's worth noting that 2 prostate cancer patients, P-1 and P-3, have positive CTC/CTC microemboli (CTM) counts in addition to panCK C , CK18 C , and (PSA/PSMA) C . In the case of P-1 whose cancer panel indicates positive CTCs/CTMs in panCK, CK18, CK7, CK20/CDX2, and PSA/PSMA, but negative in TTF-1. Clinical chart review indicated that this case was also diagnosed as muscle-invasive urothelial carcinoma of urinary bladder. 61% of urothelial carcinoma is CK20
but only 1% of prostate cancer was CK20 C /CK7
C . 24 Though dual cancers are rare, this case suggested that our CTC panel is useful in detecting such a scenario. In the case of prostate cancer patient P-3, whose cancer panel detected positive CTCs/ CTMs in panCK, CK18, CK20/CDX2, PSA/PSMA, but negative in CK7 and TTF-1. The clinical history indicated T4 disease and all biopsy cords were positive for malignancy with high grade (Gleason score 4C4). High-grade prostate cancer is highly suspected to further develop neuroendocrine differentiation (small cell/large cell), which can be confirmed by CK20 C tissue staining. 25 Our panel shows 5 (CK20/CDX2) C CTCs/ 13 (CK20/CDX2) C CTMs detected in patient P-3 in addition to the (PSA/PSMA) C CTCs and CTMs. This attests the possibility that this panel offer additional benefit for the detection of urothelial invasion from the primary site.
The panel can identify both single CTCs and CTMs in cancer patients
We were able to identify CTMs (images shown in Fig. 6D ) in the cancer patients with our CMx panel (Table S3 ), while no CTMs were identified in healthy individual samples (Table S4) . CTM was defined as a cluster with at least 2 cells and at least one is CTC. The positive detection rate of CTMs in cancer patients are not as high as that of single CTCs, with panCK C CTM median values of 7 for NSCLC, 9 for CRC, and 0 for prostate cancer. Previous studies have reported that in patients with metastatic cancer, the presence of CTMs was strongly associated with a poor prognosis. 26, 27 In our study, we show that CTM is a lower abundant event than single CTCs. Future study with more patient recruitment and long term follow up is necessary to confirm the correlation between CTCs and CTMs.
Discussion
The ability of current CTC panel to detect 3 cancers was primarily dictated by the sensitivity and specificity of the state-of-the-art biomarkers. In this study, we show that by using 2 types of IF markers, rather than just one, because many other cancers also positively express at least one of the IF markers, we may improve the prediction of cancer origins. For example, CK20 can identify CRC, which was positively expressed in 76% (31/41) CRC tissues, 28 but CK20 was also a prevalent marker in ovarian (45%, 10/22). 28 and gastric cancer (26%, 227/870). 29 On the other hand, CDX2 was positively expressed in over 90% (1087/1249) CRC tissues, but less prevalent in ovarian (10%, 6/62) and gastric cancer (22%, 16/61). 30 The combination of CDX2 and CK20 can help identify CRC by eliminating the majority of the other cancers that would be either only CK20 C or only CDX2 C . In the current IF panel, CK20 and CDX2 were mixed in one staining chip as we aim to distinguish CRC originated CTCs from NSCLC and prostate cancer. Since CK20 is expressed in cytoplasm and CDX2 is expressed in nucleus, in the future, using different fluorescent labels could establish CDX2
C CTCs to further improve the accuracy. Similarly, CK7 was positively expressed in 100% (101/101) 31 of NSCLC tissue, but was also positively expressed in 98% of metastatic breast cancer, 32 91% (20/22) of ovarian cancer, 28 and 96% (48/50) of pancreatic cancer. 33 On the other hand, TTF-1 was positive in 87% (113/130) of NSCLC tissues, 31 but negative in metastatic breast cancer, ovarian cancer, and pancreatic cancer. 33 A recent report revealed 4% (24/555) of CRC tissue positively expressed TTF-1, all of which were CK20 C , and only 2 samples were CK7 C . 34 The low abundance of CK7 C /TTF-1 C in the cancer tissue other than NSCLC decrease the possibility that CTCs came from another origin which were TTF-1 C . With the tissue expression pattern of these markers, we combined CK7 and TTF-1 to increase our specificity in detecting NSCLC CTCs.
Finally, in the case of prostate cancer, we combined PSA and PSMA because in the clinical application, immunohistochemistry for PSA is commonly used for detecting metastatic prostate carcinoma, and PSMA can be strongly expressed in neoplastic prostatic tissue. [35] [36] [37] The high sensitivity and specificity 38 were both the reason for using PSA/PSMA as a detection marker for prostate cancer CTCs. Though PSA was also reportedly expressed in~3.6% (3/84) of breast cancer tissue (tissue samples of both sexes), 39 which is considerably lower than the high expression in prostate cancer. 38 PSMA was reported to be expressed in various tissues, such as kidney, bladder, testis, and intestine. 40 However, we could find no quantitative studies on the expression of PSMA by cancers other than prostate cancer. Therefore, it seems safe to assume that at least for initial diagnostic purposes, the probability that a CTC positively expressing PSA/PSMA is from a cancer other than prostate cancer is very low. In our study, the patient P-3 is just an incidental case with dual cancers diagnosed at the same time (within 2 weeks). The CTCs with positive CK20 may come from urothelial cancer itself or prior procedure for urothelial cancer (transurethral resection of bladder tumor). Though it is a rare case, the result demonstrates PSA/PSMA can specifically identified prostate cancer CTCs, and further implicate the importance of using cancer specific markers could successfully identify the CTC origins. In our clinical study (Fig. 5) , panCK C CTC counts were significantly higher in cancer patients than in healthy individuals, which suggested panCK can be a good marker to distinguish cancer patients in CTC enumeration. It is noted that the cancer specific marker expressed CTC amounts were always lower than panCKC CTCs in the clinical samples. This may be explained by the staining efficiency of different antibodies as well as the heterogeneity of CTCs population. [41] [42] [43] [44] In this work, our system focused on 3 specific cancers (NSCLC, CRC, and prostate cancer), but our general method should be applicable to many more cancers, assuming appropriate IF markers are available for those cancers. Although the use of multiple IF markers to identify the origin of a cancer has been reported 45 and have the accuracy of 88% 46 and 75%, 33 it is not widely established in pathological diagnosis, probably due to the lack of practical use as the tumor origin is already known. On the contrary, in the case of using CTCs as a surrogate for tumor biopsy, establishing a decision tree as presenting here to sorting out CTC origin likelihood can be very useful in many clinical applications including first line disease screening, and assisting diagnosis.
In conclusion, the panel we designed can reflect the CTC characteristics and marker expression of specific cancer types, and not only provides the ability of identifying CTC origin in clinical use, but can also make CTC detection as an early cancer detection tool. With the number of cancer patients in our study and the IF staining panel that we designed, the CTC count and distribution could reflect a trend to classify lung, colorectal, and prostate cancers. In addition, the panel can be expanded to include more staining markers for other types of cancers. This CTC identification concept can also apply to any types of CTC enumerating systems, which allows the possibility of early cancer detection in a most efficient way.
Materials and methods

Cell culture
Human cancer cell lines were purchased from Bioresource Collection and Research Center (BCRC, Taiwan). We used H1975 for NSCLC, HCT116 and DLD-1 for CRC, and PC3, DU145, and LNCaP for prostate cancer. Lymphoma cell line HL-60 was used as a negative control. HCT116 cells were maintained and grown in Dulbecco's modified Eagle medium (Gibco-RBL Life Technologies). DLD-1, H1975, DU145, PC3, and LNCaP were maintained and grown in RPMI 1640 medium (Gibco-RBL Life Technologies). HL-60 was maintained and grown in Iscove's modified Dulbecco's medium (Gibco-RBL Life Technologies). All cell lines were supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic solution (Gibco-RBL Life Technologies) and cultured at 37 C with 5% CO 2 atmosphere in a humidified incubator.
CMx platform sample processing and overall efficiency
The detailed fabrication and surface modification process of CMx chips were summarized in Supporting Information (SI) and illustrated in Fig. 1A . Cell lines were pre-stained with CellTracker green CMFDA (Life Technologies), treated with Accutase cell detachment solution (Millipore), and then resuspended in culture medium. The capture and release process of CMx platform was as previously described. 19 Around 200 pre-stained cancer cells were spiked into 2 mL of culture medium or whole blood from healthy individuals, and flowed through the microfluidic device at 1.5 mL/h flow rate. After cell capture, the device was rinsed with 1.5 mL PBS. Captured cancer cells were then released by air foam generated from 5% bovine serum albumin (Millipore) (Fig. 1B) . The released cells were contained in~300 mL in foam solution. The cells and foam were spun for 5 s in a microcentrifuge to separate the cells from the air foam. 100 mL of 16% paraformaldehyde (pH D 7.4, Sigma Aldrich) was added, gently mixed with pipetting, and incubated for 10 min at room temperature to fix the cells in suspension. The fixed cells were then transferred to a 10mm diameter filter membrane with 2mm pore size (Millipore). The membrane was mounted on a glass slide and ready for imaging. Images were taken with a Nikon-Ti Eclipse microscope at 100x magnification, and analyzed with NIS-Elements AR Analysis software (Nikon). The cell number was counted for the overall efficiency calculation. The overall efficiency of the CMx platform was defined as: (Number of CellTracker green positive cells on the collection membrane) / (Number of CellTracker green positive cells in the original sample) x 100%.
Staining efficiency
The primary antibodies used for cancer markers are as follows: anti-CK18 anti-CK7, anti-TTF-1, anti-CK20, anti-PSA, anti-PSMA (Abcam), and anti-CDX2 (Cell Marque), The secondary antibody was Alexa Fluor-647 conjugate goat anti-rabbit IgG (Invitrogen). The staining protocol for primary and secondary antibodies is summarized in SI. To evaluate the staining efficiency of each marker on respective cell lines, the buffer/blood containing cancer cell lines that were pre-stained with CellTracker were captured, purified and released on the membrane chip, followed by staining with respective antibody pair (see SI). The staining efficiency is defined as: (Number of Alexa Flour-647 positive cells) / (Number of CellTracker green-positive cells) £ 100%.
Blood sample collection and processing
Blood samples were obtained with consent, and the protocols were approved by the institutional review boards. Healthy volunteers were recruited from Academia Sinica (IRB no: AS-IRB-BM-14026). Blood samples of CRC or prostate cancer were from Chang-Gung Memorial Hospital (AS-IRB-BM-14031 for CRC, AS-IRB-BM-14023 for prostate) and blood samples of NSCLC were from Taipei Veterans General Hospital (AS-IRB-BM-13054). All cancer patients' clinical status were not disclosed until CTC numbers were reported to ensure objective CTC assessments. A total of 12 mL of blood was drawn and preserved at room temperature by adding 3 mL of Streck cell preservative reagent, and processed within 24h using 6 CMx chips. The cell effluent was applied to 6 collection membrane chips for immunofluorescence staining (Fig. 1C) . As the baseline control, a total of 36 mL of blood was drawn from healthy donors to perform triplicate experiments, followed by the same procedures.
Statistical analysis
The results of identified CTC numbers in patient samples were expressed as means and standard deviations. Statistical analyses were performed using multiple t tests with the SPSS statistical software package.
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